A fundamental understanding of the photoexcited carrier system in diamond is crucial to facilitate its application in photonic and electronic devices. Here, we studied the detailed balance between free carriers and excitons in pristine diamond by using a deep-ultraviolet (DUV) pump in combination with terahertz (THz) probe spectroscopy. We investigated the transformation of photoexcited carriers to excitons via an internal transition of excitons, which was newly found to occur at a frequency of approximately 15 THz. We determined the equilibrium constant in the Saha equation from the temperature dependence of the free-carrier density measured at chemical equilibrium. The derived exciton binding energy was larger than the conventional value, which indicated an energy shift due to the fine-structure splitting of the exciton states.
exciton ionization ratios in Si, Ge, and GaAs quantum wells [20] [21] [22] . However, we had to overcome two technical challenges before we could apply the THz-TDS technique to diamond. The first challenge was the generation and detection of a THz pulse that covers the excitonic internal transition region, which is expected to be at approximately 15 THz. For example, the accessible spectral region of conventional THz-TDS systems based on nonlinear crystals is typically limited (2) (3) (4) (5) owing to phonon absorption and dispersion [18] [19] [20] [21] [22] [23] . To overcome this challenge, we used air as the medium for the THz emitter 24 and detector 25 owing to its low dispersion. The second challenge was the lack of transparent windows in both the DUV region of the optical pump and the THz frequency region of the probe. To overcome this challenge, we custom-designed a cryostat with three exchangeable windows made of different materials (Ge, Si, and quartz). Following these technical improvements, we estimated the coefficient A of diamond to be (4.4 ± 2.7) × 10 14 cm -3 K -3/2 from the temperature dependence of the free-carrier density by a DUV pump-THz probe spectroscopy system. Our results provided an accurate detailed-balance equation, which is expected to be useful in the design of novel applications based on diamond.
We used chemical-vapor-deposition-grown diamond (Element Six) with nitrogen (<5 ppb) and boron (1 ppb) as unintentionally incorporated dopants. The thickness of the sample was 500 μm. Figure 1 shows the experimental setup of the DUV pump-THz probe spectroscopy system. An 800 nm laser pulse generated from a Ti:sapphire amplifier was split into three beams: one for generating the DUV pulse, one for generating the THz pulse, and one for detecting the THz field. The DUV pulse (267 nm) was produced via third harmonic generation (THG) 26 and was incident on the sample at an angle of 45°. The spot diameter and excitation density were 0.7 mm and 2.5 mJ/cm 2 , respectively. According to Snell's law 27 , light propagated with a spot size of 1.0 mm at an inside angle of 19°. The DUV pulse homogeneously generated transient free carriers throughout the sample with neh on the order of 10 15 cm -3 via a two-photon absorption process 26 ; this value is lower than the critical density of the exciton Mott transition (4 × 10 18 cm -3 as determined using the Thomas-Fermi screening approximation 28 ). The broadband THz pulse (2-25 THz) was generated by a collinear air plasma method 24 and detected by the air-biased coherent detection (ABCD) method 25 . The spot diameter of the THz pulse as measured using a THz camera (NEC IRV-T0831) was 140 μm. By transmitting the THz pulse through the sample with and without the DUV pulse, we obtained the photoinduced change in the complex dielectric function 18 .
We studied the dynamics of exciton formation by observing their internal transition (1s-2p transition), which is expected to occur at ℏ %& ~ 15 THz when excitons with Eex = 80 meV 8, 9 have Rydberg energy levels. The cryostat windows for the THz pulse were made of Ge. Figure 2 (a) shows the changes in the complex dielectric function Δε (=Δε1 + i Δε2) as measured under the application of the DUV pulse at three time delays (Δt = -10, 10, and 550 ps) at a lattice temperature (TL) of 100 K. We observed the Drude response at Δt = 10 ps, which indicated the generation of free carriers by the DUV pulse. At Δt = 550 ps, the Drude component decreased with an increase in the peak structure at approximately 15 THz, which was attributed to the internal transition of excitons. We analyzed the measured data with two spectral components by employing Drude and Lorentz oscillator models: 
where ε0 is the vacuum permittivity and m * = (1/me + 1/mh) -1 = 0.19m0 29 is the reduced mass of the excitons in diamond. The spectra were fitted by varying the following parameters: neh, nex, the damping constants (γeh and γex), and the resonance frequency (ωex). Δε at 10 ps was well reproduced by the Drude component alone, i.e., nex = 0 (blue solid line), and neh was estimated to be 4.9 × 10 15 cm 3 . This value is consistent with the value estimated from the DUV pulse energy. In addition, Δε at 550 ps was well reproduced by the Drude and Lorentz components (black solid line). nex and neh were estimated to be 4.1 × 10 15 cm -3 and 0.49 × 10 15 cm -3 , respectively. The total density of e-h pairs, ntotal = nex(t) + neh(t), at 550 ps was almost identical to the initial free-carrier density at 10 ps. This was confirmed from the time evolutions of neh, nex, and ntotal, as shown in Figure 2 (b). Therefore, the spectral change represented the transformation of free carriers to excitons with conservation of ntotal. The conservation of ntotal indicated that this transformation occurred before the annihilation of the excitons and free carriers. The sub-nanosecond decay of neh was considerably shorter than the lifetime of carriers in intrinsic diamond 30 owing to their Auger recombination (0.1-1.0 μs with neh of approximately 10 15 cm -3 ) and trapping by impurities (0.1-1 μs). Under our experimental conditions, nex(t) was estimated as ntotal -neh(t), where ntotal was defined as the initial value of neh. Therefore, in the next part of the study, we focused on neh(t) extracted via spectral shape analysis of the Drude component at various delay times and lattice temperatures. Figure 3(a) shows the time evolutions of the changes in the complex dielectric function at TL of 160 K and 100 K. The Ge windows of the cryostat were replaced with Si windows, which were transparent in the THz region (2-10 THz) of the Drude response curve. Both Δε1 and Δε2 were well reproduced by the Drude model (solid lines), and they yielded the time evolution of neh(t) at these lattice temperatures (Figure 3(b) ). At TL = 160 K, neh decreased rapidly with increasing time delay and attained a constant value after 100 ps. The carrier dynamics was found to be significantly dependent on the lattice temperature; a longer decay of approximately 200 ps and smaller constant value of neh were observed at TL = 100 K.
The observed sub-nanosecond dynamics and temperature dependence indicated that the decay of neh was presumably caused by the thermal relaxation of carriers in the lattice system, as previously reported for Si and GaAs quantum wells 20, 22 . To confirm the thermalization of the photoexcited carriers in the lattice system within 200 ps, the cooling dynamics of the carrier temperature, TC(t), in diamond was analyzed numerically via calculation of all the relevant phonon relaxation rates. The average rate of energy loss per electron or hole due to acoustic and optical phonons has been described previously 31 . In the present study, the values of effective masses as parameters used in this calculation were determined via cyclotron resonance measurements 29 . The values of all other parameters, i.e., deformation potentials and phonon frequencies, are listed in the Supplementary Material. The resulting cooling curves at 160 K and 100 K are shown in Figure 3 (c). The decay of time-dependent free-carrier densities obtained by the Drude fitting was well reproduced by the calculated curve of the carrier temperature; this result supports the presumption that the decay of neh was due to exciton formation accompanied by the thermalization of free carriers within the lattice system.
We further measured the changes in the complex dielectric function with the lattice temperature at Δt = 550 ps where the cooling dynamics of photoexcited carriers are complete. Fitting analysis using the Drude model enabled determination of the free-carrier density at each lattice temperature TL. The obtained neh is represented by the dots in Figure 4 as a function of TL. We analyzed the temperature dependence of the free-carrier density by employing the Saha equation [20] [21] [22] , which describes the densities of excitons and free carriers after statistical equilibration of their chemical potentials in the classical limit. The Saha equation for a classical three-dimensional gas of free e-h pairs and excitons is given as (2) where Eex is the exciton binding energy and μ = mdemdh/(mde + mdh). Here, mde and mdh are the densityof-state (effective) masses of electrons and holes 21 , respectively. By taking ntotal as 1.06 × 10 15 cm -3 , which is the initial free-carrier density at Δt = 10 ps and 160 K, we obtained the best-fit values of A and Eex. From the black solid line in Figure 4 , we obtained A = (4.4 ± 2.7) × 10 14 cm -3 K -3/2 and Eex = 93.8 ± 8.2 meV.
The value of A could be estimated from the effective masses of electrons and holes. The theoretical value of A, i.e., Ath = 4.5 × 10 14 cm -3 K -3/2 , was obtained using mde = 0.39m0 and mdh = 0.94m0, which were directly determined via cyclotron resonance measurements 29 . Our experimental value of Aexp = (4.4 ± 2.7) × 10 14 cm -3 K -3/2 is consistent with this value. It should also be noted that the estimated Eex = 93.8 ± 8.2 meV is larger than the conventional value of 80 meV 8, 9 . Because the 1s states of excitons in diamond undergo fine-structure splitting with a magnitude on the order of 10 meV 32 , the obtained value of Eex is expected to be related to the binding energy of the lowest-energy excitons at the 1s level. Further details will be reported in our forthcoming paper on analysis of internal transition spectra of excitons by THz-TDS. Finally, we compared our results with those obtained using Saha equations adopted in previous studies [13] [14] [15] [16] . As is clear from the dotted lines in Figure 4 , the previous results deviated significantly from our results. This difference was due to the difference in not only A (or effective masses) but also Eex, which relied on the value that was determined at a higher temperature without considering the fine structure of exciton.
In summary, we developed an experimental DUV pump-THz probe spectroscopy system for pristine diamond and evaluated the temperature dependence of the free-carrier density under chemical equilibrium. We successfully determined the equilibrium constant in the Saha equation experimentally and confirmed its agreement with the theoretically estimated value. We also determined an additional value of the exciton binding energy (Eex = 93.8 ± 8.2 meV) as an alternative to the conventional value of 80 meV. These fundamental findings are expected to contribute significantly to the design of diamond-based photonic and electronic devices. 
